We report molecular dynamics simulations of Newton black films (NBFs), ultra thin films of aqueous solutions stabilized with two monolayers of ionic surfactants, sodium dodecyl sulfate. We show that at low water content conditions and areas per surfactant corresponding to experimental estimates in NBFs, homogeneous films undergo an adhesion "transition," which results in a very thin adhesive film coexisting with a thicker film. We identify the adhesive film with the equilibrium structure of the Newton black film. We provide here a direct microscopic view of the formation of these important structures, which have been observed in experimental studies of emulsions and foams. We also report a detailed investigation of the structural properties and interfacial fluctuation spectrum of the adhesive film. Our analysis relies on the definition of an "intrinsic surface," which is used to remove the averaging effect that the capillary waves have on the film properties.
I. INTRODUCTION
Blacks films (BFs) can form spontaneously from soap solutions. Often they consist of a thin aqueous core, sandwiched between two monolayers of highly packed ionic surfactants, e.g., sodium dodecyl sulfate (SDS), 1 although there is evidence that BFs can also form with other surfactants [2] [3] [4] as well as phospholipids, 5 showing the relevance of these structures in both materials science and biology. At low temperatures and high salt concentrations, BFs can undergo transitions to thinner films, typically 40 Å thick. These structures are called Newton black films (NBFs) . Experiments have shown that NBFs can be fairly stable in the absence of water evaporation and mechanical disturbances. Understanding their properties is of practical relevance to predicting the stability of a wide range of materials used in food stuffs, oil recovery, rheology, pharmaceutical formulations, blood substitutes, agrochemical industry, or paints.
Many studies have tried to quantify the surface forces operating in black films. The dependence of the common black film thickness with salt concentration is well described by the Poisson-Boltzmann theory. 3, [6] [7] [8] Significant departures from this theory have been found in NBFs though, 9 indicating a breakdown of the double layer picture in these thin films. Computer simulations of ionic NBFs have also shown that water is strongly polarized inside the films, showing that water cannot be modeled as a dielectric continuum with a pre-defined dielectric constant. 10, 11 Hence, models such as the DLVO theory, which includes both double layer interactions and a dielectric continuum, should and indeed fail in the description of the repulsive interactions measured in NBFs experiments. 9, 12 This conclusion should apply to other confined systems, e.g., DNA columnar phases, 13 which show similar repulsive forces when the distance between the DNA molecules is <10 Å. To explain the repulsion a new type of force, hydration forces, has been introduced. It was argued that the physical origin of the force is connected to the perturbation of the orientation of the water molecules when they are confined in small volumes. 11, 14, 15 Alternative explanations based on steric interactions have also been proposed (see, e.g., Refs. 1 and 16) .
In this work we investigate using computer simulations the structure of sodium dodecyl sulfate Newton black films (SDS-NBFs) as a function of the film water content. This system is of great interest to us, as experimental studies have shown that SDS surfactants form Newton black films in both foams 17 and emulsions. 18 Moreover the structural properties of the films as well as their adhesive behavior (contact angles and adhesive energy) are similar. 19, 20 This observation indicates that the nature of the phases in contact and their different Hamaker constants (air in foams vs. oil in emulsions) does not play a relevant role in determining the adhesion strength. Instead, the monolayer-monolayer interactions would determine the physical behavior of these bilayers at short interlayer distances. This is an interesting notion that has provided a principle to modify the stability of foams/emulsions, by specifically targeting the surfactant properties.
Computer simulations provide a powerful approach to investigate the structure and stability of NBFs. Most computer simulations of SDS-NBFs have focused so far on the investigation of the structure of foam films. 10, 11, [21] [22] [23] [24] [25] [26] The simulated structures, with thicknesses similar to those inferred from x-ray experimental data, 17 indicate that the film contains between two and four water molecules per surfactant. Part of this water accumulates around the head groups as solvation water, the remaining distributing in the film's core. All the simulations referred to above have investigated the structure of the films by computing the "mean" density profiles. Because the films are soft and undergo thermal fluctuations (capillary waves) the mean profiles can only provide an average view of the water structure next to the surfactant layers. A more precise characterization of the "real" structure of water and ions inside the film is desirable though, as this can provide a reference to test current theoretical models of thin films. We have overcome the limitations associated with the computation of mean density profiles, by computing the intrinsic density profile. We employ a computational approach that removes the thermal averaging associated with the capillary waves. One added advantage of this method is the possibility of quantifying the mean square fluctuations of the black films, and from the analysis of these fluctuations one can quantify the film bending modulus. The bending modulus is a relevant quantity in the description of steric forces, which influence the stability of thin films, 1 as well as in free energy approaches used to explain hole formation in these films. 27 In this article we investigate using classical molecular dynamics computer simulations the structure, elasticity, and adhesive behavior of SDS-NBFs. We show that NBFs, with surfactant surface concentrations similar to those found in experiments (33 Å 2 per surfactant), 17 undergo adhesion transitions. A full discussion of the thermodynamics of this adhesion"transition" and the corresponding formation of equilibrium states will be reported in a forthcoming article.
II. METHODOLOGY

A. Force-field and simulation details
Our NBFs consist of a thin aqueous core confined between two layers of ionic surfactants, sodium dodecyl sulfate. The force-field used to model this black film has been extensively discussed in previous articles. 11, 22, 23, 28 We model the surfactants using a united atom approach, where the CH 3 and CH 2 groups are represented by pseudoatoms. The aliphatic chain is modeled using a combination of bond constraints and harmonic bending potentials, as well as a dihedral potential. We used the TraPPE force-field to model the alkyl chain intramolecular contributions. 29 The surfactant head group is modeled using parameters from the Assisted Model Building with Energy Refinement (AMBER) forcefield, 30 including partial charges computed by Shelley et al. using quantum mechanical computations. 31 The Na + counterion is modeled using the parameters reported by Dang. 32 A summary of all the parameters employed to model the surfactant are given in Tables I and II. For water we have employed the recently introduced TIP4P-2005 model, 33 which performs better than its predecessors in predicting the water surface tension. Otherwise, the interfacial structure of TIP4P-2005 is comparable to that obtained with other popular models such as the SPC/E The intermolecular interactions were modeled using a combination of Lennard-Jones and coulombic potentials. We have employed the truncated and shifted Lennard-Jones potential to compute the dispersion interactions,
where σ i j and ε i j represent the effective diameter and interaction strength between atoms of species i and j, and r c is the cut-off. The interactions between atoms of different species were derived using standard combining rules, σ i j = σ i + σ j , and i j = √ i j . The short range interactions were cut-off at 14 Å, and the electrostatic interactions were computed using the particle mesh Ewald method. 35 Our simulations involved large systems, consisting of N s = 512 surfactants, 256 per monolayer, the corresponding sodium counterions, and N w water molecules. We performed simulations with larger systems, up to 2048 surfactants, to test the reproducibility of the adhesive states. The amount of water in the film was varied from n w = N w /N s = 0 to 11.96 water molecules per surfactant, in order to investigate the dependence of the structure and mechanical properties of the NBF on water content. The surfactant surface concentration was set to 33 Å 2 , which corresponds to the area observed in the spontaneous formation of the sodium dodecyl sulfate Newton black films. 17 All the simulations were performed at 298 K. Long equilibration times (> 10 ns) were considered before computing average properties over at least 10 ns trajectories. The equations of motion were integrated using the leap-frog algorithm, with a time step of 2 s.
In the rest of the article we will use σ = 3.116 Å(which corresponds approximately to the water molecule diameter) to represent the reduced intrinsic density profiles,ρ * = ρσ 3 and the reduced distances z/σ . The simulations were performed in parallel using GROMACS 4.5. 
B. Intrinsic profiles and estimation of the aqueous core film volume
The computations of the intrinsic density profile require the construction of the intrinsic surface (IS), ξ (R), where R = (x, y) represents the location of the surface for a specific TABLE II. Simulation parameters used to model the intramolecular interactions of the SDS surfactants. Angular terms are modeled using a harmonic potential U (θ ) = k θ (θ − θ e ) 2 and dihedral terms using two sets of potentials: configuration. By referring the particle coordinates to the intrinsic surface, it is possible to construct the intrinsic density profile,
where A 0 is the cross sectional area of the interface. The intrinsic density profile is not affected by the blurring effect of the capillary wave fluctuations, and therefore provides a much better resolution of the interfacial structure. We note that computer simulations of ionic liquids and molecular fluid interfaces [38] [39] [40] have shown that the interfacial fluctuations of the simulated interfaces are fully consistent with the capillary wave theory predictions (see, e.g., Ref. 41) .
Different approaches have been developed to identify the IS. 37, [42] [43] [44] [45] [46] [47] [48] The construction of the IS in the case of Newton black films is simpler, as we can use the surfactant head (in our case the sulfur atoms) to define the IS for each monolayer. 28 This represents a natural choice as the surfactants never leave the interface during the simulation. In this work we construct the IS using a three-dimensional triangulation method. The procedure has been discussed in Ref. 49 and in Ref. 28 for the specific case of SDS monolayers. We compute first a two-dimensional Delaunay triangulation using the coordinates of the sulfur atoms projected on the interface plane. The Delaunay triangulation is used to identify the nearest neighbors of a given atom and to construct a triangulated surface, where the triangle edges join a given sulfur atom to its nearest neighbors. Applying the same procedure to the surfactant heads on the two layers of the film, we get the two intrinsic surfaces ξ a (R) and ξ b (R). The mean normal distance between these two surfaces, h = ξ a (R) − ξ b (R) , provides a route to estimate the volume of the aqueous layer confined inside the film A 0 h .
III. RESULTS
A. Intrinsic structure of NBF Figure 1 represents the intrinsic density profiles of Newton black films as a function of the water content. As discussed in Sec. II B the intrinsic profiles are computed using the intrinsic surface as a reference surface. We represent the intrinsic profiles with respect to one of these surfaces, hence the profiles are asymmetric. At short distance the intrinsic structure is clearly observed, whereas at long distances when correlations with the intrinsic surface disappear, the profiles resemble the traditional mean profile.
The intrinsic profile features two well defined water layers around the surfactant head group (z ∼ 0). The density profile in the aqueous region resembles the profile of water next to rigid surfaces, featuring regular oscillations, which decay to the bulk density in about 3 σ units (∼ 10 Å) (see system n w = 11.96). We find that the water structure of the largest thin film investigated here n w = 11.96, fully agrees with that found in SDS monolayers at the same area per surfactant. 28 Confinement effects do not have a major influence on the water solvation structure of thinner films either (down to n w = 8.6). For lower water contents (n w ≤ 6) the structure of the aqueous core ((z > 0) is severely disrupted, but interestingly the solvation layer in the aliphatic region (z < 0) is not affected, even for very low water contents, n w = 2.
To advance in the description of the film structure we have computed the intrinsic orientational profiles, wherep i is defined in water as the "unit" vector pointing in the direction of the dipole moment andẑ is the unit vector normal to the film plane. The second moment distribution profile is given bỹ which indicates whether the water molecules are oriented perpendicular (T > 0) or planar (T < 0) to the interface. We note that the profiles calculated through Eqs. (4) and (5) are weighted by the density, as this computation provides a more direct comparison with experimental studies.
The orientational profiles show that the water molecules solvating the head groups exhibit a strong orientational ordering (see Figure 2 ). The dipoles in both the aqueous and aliphatic phase regions (−1 < z/σ < 1) point preferentially towards the aliphatic region of the film. The polarization reaches a maximum close to the SDS head groups and propagates inside the aqueous core. Given the symmetry of the black film, the water molecules reverse their orientation in the middle of the film, where the dipole moment is zero. This general behavior is reproduced in a wide range of water content conditions. Interestingly the orientation in the aliphatic region is preserved for very low water content conditions (n w = 2). The second moment,T offers complementary information on the water solvation layer. The plane of the water molecules located in the aliphatic region is parallel to the NBF plane, whereas it is perpendicular to this plane in the aqueous region. In agreement with previous observations 10 we find that the water molecules show a preferred orientation everywhere in the film, "even" in regions where the density reaches bulk values.
B. Evidence for adhesive behavior in Newton black films
Further analysis of the intrinsic profiles with water content n w ≤ 6 shows that the oxygen density decays very slowly for z > 3σ (see Figure 1 ). This behavior might be connected to the presence of regions of different thickness inside the film. This idea is confirmed by inspecting the sulfur intrinsic profiles (see Figure 1) , which show the density of one monolayer referred to the intrinsic surface defined by the other monolayer. At high water content (n w ≥ 8.6) the sulfur atom profile is defined by a Gaussian distribution, and the location of the two monolayers is well defined. The Gaussian behavior agrees with that observed in surfactant monolayers, 28 and indicates that the fluctuations of the two monolayers are uncorrelated. We will quantify this point in Sec. III E. For smaller water content, n w = 6, the sulfur density profile is very different. There is a main peak next to the intrinsic surface, showing that the two surfaces are almost in "contact," but we also find a slow decay in the sulfur density at longer distances z > 3σ followed by a second maximum. Similar trends are observed in the sodium intrinsic profile (see Figure 1 ). These results indicate that the film has developed two regions of different thicknesses. This idea is illustrated in Figure 3 , which shows the structural changes undergone by the n w = 6 film at two different stages, after 1 ns and 24 ns. We find that whenever the water content is lower than n w ≈ 6 the film becomes unstable and the two monolayers stick together. The water molecules between these adhesive layers are expelled forming a cylindrical or spherical lens inside the film. The structural changes observed in the intrinsic profiles along with the snapshots clearly indicate the existence of adhesion in the SDS-NBF. Such adhesive behavior is compatible with investigations of oil-water emulsions stabilized with SDS surfactants, 18 and to our knowledge it is the first time it has been reported in computer simulations.
We have characterized the dynamics of the adhesion process by computing a two-dimensional histogram of the distance between the intrinsic surfaces as a function of the position on the film plane. In this way we can follow the temporal evolution of the film thickness in different regions inside the film. Figure 4 (top) shows the plot for the system containing 512 surfactants. Starting from a homogeneous film, we observe changes in the film thickness within 1 ns. The film evolves into a structure with two well defined regions, high and low water content, which corresponds to the water lens observed in Figure 3 . The film structure then evolves slowly for the whole duration of the simulation (11 ns). We note that the final state of the film is determined by the film surface area and the water content. In addition, the final state might be influenced by the simulation box area. To address this finite size effect we have investigated a larger film, consisting of 2048 surfactants, i.e., an area four times larger than the one discussed above. The resulting system contains 85 968 water molecules. Figure 4 represents snapshots of the water film in the interval 16-172 ns. From thermodynamic arguments we expect that the water expelled during the adhesion process will form a droplet when the system reaches equilibrium. It is remarkable this process can be followed in the atomistic simulations. Figure 4 (bottom) clearly shows the formation of the droplet, which requires simulation times in the 100 ns timescale. We thus confirm that the adhesion process is observed in both small and large systems, hence giving further support to the physical significance of our finding.
The adhesion process results in a film with a very heterogeneous structure, featuring large lateral variations in the film thickness (see Figure 4) . In order to characterize the local structure of water in the film during the thinning process, we have computed the partial intrinsic density profilẽ ρ h (z) as the intrinsic profile corresponding to points (x, y) on the film plane, where the local distance between the intrinsic surfaces is given by h − 0.1σ
1σ . For this computation we have used 4000 configurations of the adhesive film (n w = 6) containing 512 surfactants and a grid size of 1σ 2 . Although the film thickness locally evolves with time, we note that the density profile obtained for specific separations between the intrinsic surfaces,ρ h (z), does not change with the time interval used. This indicates that the profileρ h (z) for a specific h is a well defined quantity. The local structure for separations, |ξ a (x, y) − ξ b (x, y)| = 8σ agrees with the structure obtained in homogeneous films, i.e., non-adhesive films (n w = 11.92, see Figures 1 and 5) . We also find good agreement at smaller thicknesses, see films 6σ and 1.25σ in Figure 5 . We emphasize that the results obtained in the adhesive film correspond to averages over a very small region. Despite this the local structure agrees with that of an extended homogeneous film with much larger area (92 × 92 Å 2 ). Hence, the local structure is determined mainly by the film thickness, and our results point towards a rapid evolution of the water structure as a response to the variation of the film thickness, or in other words "local equilibrium" during the thinning process. The rapid diffusion of water inside the thicker films 22 must enable the establishment of this local equilibrium. Again, the intrinsic profiles show that the decrease in water content (see profiles 2-3 σ in Figure 5 ) does not affect the water structure in the aliphatic region (−2 < z/σ 1). Nevertheless for very low water content we find that water accumulates in the aliphatic region forming a double layer. For these states the head groups and the counterions of both surfactant layers are in direct contact.
C. Solvation structure of the NBF and the adhesive state
In this section we examine in more detail the solvation structure of the Newton black films. We recall that the structure of water in the aliphatic region (see Figure 1) , z < 0, is independent of water content for a wide range of film thicknesses (n w ≥ 2). Using the intrinsic density profiles we have calculated the amount of solvation water in that region by J integrating the density profiles up to the first minimum, z = 0. We obtain: 1.1, 1.1, 1.2, 1.4, and 1.2 for n w = 11.86, 8.60, 6, 4.4, and 2 respectively, which is in good agreement with previous simulation estimates using mean profiles. 22 It is obvious that the water adsorbed in the aliphatic region or in the plane of the surfactant heads does not contribute to the volume of the film core. Once the monolayers are fully solvated, any water excess will increase the distance between the two monolayer intrinsic surfaces, i.e., the volume of the aqueous core. The top panel in Figure 6 represents the mean separation of the sulfur intrinsic surfaces h as a function of water content, n w . The procedure to compute the mean separation has been discussed in Sec. II B. At high water content the film thickness grows linearly with n w , in agreement with previous observations. 22 At low water content, n w ≤ 2 the thickness of the film is very similar to that of the complete dehydrated system, n w = 0 and h = 0.99. This result indicates that there is an amount of water that does not contribute to the film volume, possibly because it is present in the aliphatic side of the film. This notion is consistent with the results presented in Figure 5 , which showed the absence of water between water monolayers when n w < 2. We will refer to these water molecules as "hidden" water, N h , to emphasize it does not contribute to the film thickness. The variation of the film thickness with water content can be described using the following equation:
where ρ w is the bulk density of water, n h = N h /N s , and A the film surface area per surfactant, 33 Å 2 . The fitting of the simulation data n w > 3 to this equation is shown in Figure 6 top panel. From the fitting we obtain n h = 2. There is a clear deviation of the simulation data from the linear behavior at low water content, n w < 3, this indicates that n h must depend on the hydration level. These results correspond to a film containing 1024 surfactants per monolayer, and the averages were computed between 148 and 160 ns. Circles, simulation results for a homogeneous film, n w = 2 and average surface area 31.5Å 2 . Averages were computed between 48 and 60 ns. The height of the main peak is proportional to the area occupied by the thin film. In the figure the height of both curves has been scaled to one.
The amount of hidden water, n h , at low water content can be estimated using the following equation:
The middle panel in Figure 6 represents the amount, n h = N h /N s , as calculated from Eq. (7). At high water content, n h (n w ) converges to 2 ± 0.1 remaining constant around this value. This indicates that water has reached a condition compatible with liquid-vapor coexistence. In other words, any amount of excess water will form a liquid droplet inside the film without increasing the chemical potential. The linear increase of h(N w ) in the top panel (see Figure 6 ) clearly shows that the droplets condense "inside" the film, instead of forming drops outside. For smaller levels of hydration the water vapor will be undersaturated, and consequently the amount of hidden water decreases. From the analysis above we can conclude that the film resulting from the adhesion process must have a water content close to two water molecules per surfactant. Finding the exact value of water molecules for this film requires a more involved analysis. To tackle this question we turn now to a more detailed investigation of the adhesive film.
The adhesive film consists of two "coexisting structures": one is the adhesive region, and the other one results from the formation of a water droplet containing all the excess water (see Figure 4 -bottom). We have computed the probability distributions, P(h; n w ), of finding a particular separation, h, between the two intrinsic surfaces, ξ (h), in a film containing n w water molecules per surfactant (see bottom panel in Figure  6 ). The probability distribution features a main peak centered at 1.3 σ followed by a slow decay and a smaller maximum at ≈ 13σ . This maximum and the slow decay are connected to the formation of the droplet in the center of the simulation box (see Figure 4) , which contains the excess water. The main peak defines the thickness of the equilibrium or adhesive NBF. To quantify the properties of this film we have estimated both the average number of water molecules per surfactant and the area per surfactant for these adhesive film. This information can be extracted from the analysis of the trajectory of the big film containing 2048 surfactants. From the analysis of the thin region of the film corresponding to an area of 40 × 30 Å 2 (see rectangle in Figure 4 -bottom), we obtain 31.5 ± 0.05 Å 2 and n w =2±0.2. Hence, the area of the adhesive film is slightly smaller than that of the initial film (33 Å 2 ) . The low number of water molecules per surfactant indicates that most water molecules in this film are solvating the surfactant head groups, i.e., there is no free water present in the film.
The coexistence of these two "phases," the adhesive film and the water droplet, in the same system, is a clear indication that the adhesive NBF structure is at (constrained by fix number of surfactants) thermodynamic equilibrium, since it is formed with essentially equal characteristics over a wide range of values of hydration (see n w =2, 31.5Å 2 and n w =6, 33Å 2 in Figure 6 -bottom). The adhesive region defines the saturated film, i.e., the film formed when the water vapor reaches saturation without any excess of liquid water inside the film. This film corresponds to the equilibrium NBF.
D. The structure of the adhesive Newton black film
In the following we investigate the structure of the adhesive film. With this purpose we have performed simulations of a system containing 512 surfactants with n w = 2 water molecules per surfactant and 31.5 Å 2 per surfactant. These conditions correspond to those obtained from the analysis of the films resulting from the spontaneous adhesion process discussed above.
The radial distribution functions (RDFs) show that the sulfur atoms are surrounded at short distances by the water hydrogen atoms, which is consistent with the possibility of forming hydrogen bonds between the water hydrogens and the sulfate oxygens (see Figure 7) . The S-HW RDF features a double peak, with the strong S-Na peak located at the minimum separating the two S-HW maxima. The coordination numbers, obtained from the integral up to the first minimum of the different radial distribution functions, show that each sulfate group is coordinated to ≈ 3.8 counterions, ≈ 6.9 water molecules, and ≈ 5.6 sulfate groups. Regarding the coordination of the sulfate group with the water hydrogens, integration up to the first minimum of the S-HW RDF gives ≈ 2.4 hydrogens only. This represents a small fraction, ≈ 20% of all the hydrogens associated with the water molecules that are solvating the sulfate group. Water is tightly bound to the counterions, as shown in the main peak of the Na-OW RDF (see Figure 7) . We find that each Na + counterion is solvated by two water molecules. Hence the number of water molecules (that solvate the counterions) surrounding the sulfate groups is ≈ 7. This number accounts well for the S-OW coordination number 6.9 given above, indicating there are no other water molecules solvating the surfactant head group directly. The double peak observed in the S-HW must therefore be connected to the water molecules solvating the Na
A more quantitative view of the adhesive film structure can be obtained by computing the intrinsic density profiles (see Figure 8 ). In the adhesive state water never reaches the bulk density anywhere in the film, confirming the absence of bulk water in the Newton black film. This is consistent with our estimate regarding the amount of solvation water, which is about two water molecules per surfactant. According to the analysis performed in Sec. III C (see Figure 6 -middle), 1.5 water molecules per surfactant are "hidden" water, and the remaining, about 0.5, would be contributing towards the film volume. Figure 6 -bottom (circles) show that the probability distribution of finding a particular separation in the adhesive film is asymmetric, with a smooth decay for large separations Radial distribution function of sulfur-sulfur (S-S), sulfur-water oxygen (S-OW), sulfur-water hydrogen (S-HW), sulfur-sodium (S-Na), and sodium-sodium (Na-Na) pairs for the adhesive film (n w = 2, 31.5 Å 2 ). that fits well into an exponential shape, rather than the Gaussian decay that could be expected from normal undulations and breathing modes of a perfect monolayer. That suggests the water structure on the film plane must be slightly heterogeneous, with some water molecules or very small water clusters creating isolated protrusions that contribute to the smooth decay of P(h). Preliminary analysis (not presented here) of the fluctuation spectrum for h separated in the different transverse wave vectors support this view. The absence of bulk water inside the film is compatible with previous experiments 1, 17 and simulations. 22 We note, however, that the traditional image inferred from the analysis of the experiments, namely, a NBF consisting of surfactants coating the aqueous core, with water excluded from the aliphatic region, is not completely accurate. Our intrinsic profiles clearly show a significant penetration of water in the aliphatic region, with a well defined water layer around the surfactant head groups, as shown by the prominent peak in the water intrinsic profile at z/σ ≈ −1. The sodium counterions distribute above, below, and in the sulfate plane. This counterion distribution is not compatible with a traditional double layer structure, where the sodium ions would be arranged in a plane below the head groups. Finally the intrinsic profiles clearly show that the two monolayers are in contact. Hence experiments measuring the disjoining pressure would find a strong repulsion connected to the direct monolayermonolayer interactions.
We have estimated the total thickness of the film from the hydrocarbon chain intrinsic profile (see Figure 9 ). The thickness defined as the distance between the two inflection points in the two hydrocarbon-vacuum interfaces is 2.8 nm. This thickness is of the same order as that reported in neutron scattering and x-ray reflectivity experiments. 17, 18 
E. The Newton black film interfacial fluctuations and bending elasticity
The elasticity of the Newton black films can be quantified by performing an spectral analysis of the thermal fluctuations of the intrinsic surface. Once the surface is defined, and in order to obtain the capillary wave spectrum, we fit the intrinsic surface to the following Fourier series:
with the wave-vector, q χ = 2π n χ /L χ , and n χ = 0, ±1, ±2, · · ·, such that χ = x or y. The upper limit, q u = 2π/λ c , is defined by the wavelength cutoff, which has molecular dimensions λ c = 2π/σ , σ being a characteristic molecular size. As this fit is performed using a continuous triangulated intrinsic surface and not using a discrete number of points, the procedure does not depend significantly on the choice of q u . Equation (8) can then be used to quantify the mean square fluctuation of the intrinsic surface,
where γ (q) is an effective surface tension, which becomes the macroscopic surface tension, γ 0 , in the limit q = 0. Equation (9) furnishes a route to quantify the bending modulus, κ, of the films through 50, 51
Because the Newton black films investigated in this work are under tension, both the q 2 (surface tension) and the q 4 (bending) terms should contribute to the fluctuation spectrum.
We note that for fluctuations involving short wavelengths, qσ > 2, Eq. (9) becomes inaccurate, as the fluctuations depend on the method used to construct the intrinsic surface. 49 Before we discuss the results for the bending modulus it is instructive to analyze the correlations between the two SDS monolayers. In this way we can investigate whether their fluctuations are independent from each other. The correlations can be computed from the analysis of the corresponding Fourier coefficients,ξ q (see Eq. (8)). When the two layers are correlated, i.e., they move as a single entity, the correlation, 2 ξ a qξ b q /( ξ a q 2 + ξ b q 2 ) = 1, whereas the correlation is zero when the fluctuations are not correlated. Figure 10 shows the correlations between the two monolayers as a function of water content. For the systems with higher water content, n w ≈ 12, we find that the monolayers move independently in the whole range of wavevectors investigated here. This is compatible with the results obtained above for the sulfur intrinsic profiles (see Figure 1) , which shows that J. Chem. Phys. 134, 214701 (2011) the intrinsic density profile of one of the monolayers computed with respect to the intrinsic surface defined by the other monolayer follows a Gaussian distribution. For films featuring adhesive behavior ( 6 water molecules per surfactant), we start to observe correlations at small wave-vectors, which correspond to domains of about q −1 ≈ 10 Å. The correla- 2 ) → 1, i.e., the two layers fluctuate as a single entity (see Figure 10) . This is the physical picture that defines the adhesive Newton black film (n w = 2). Otherwise, for all the systems investigated here, the fluctuations are fully uncorrelated for qσ 3.
In the following we report the spectral analysis of the thermal fluctuations of the SDS films. As shown in Figure  10 , for n w = 11.96 the two edges of the slab exhibit uncorrelated fluctuations over the whole q interval considered in this work. Hence, we have computed the fluctuations for the two monolayers independently. The results reported in Figure 11 correspond to the average of the two monolayers. We have fitted the fluctuation spectrum to Eq. (10), considering wave-vectors in the interval 0.2 < qσ < 2. 52 The higher q limit is necessary to avoid the inclusion of short wavelength fluctuations, which appear beyond the threshold for the protrusion modes given by q 2π/d, where d is the thickness of one monolayer. Considering the SDS thickness of ∼10 Å (Ref. 28) we get a cutoff of qσ 2, which justifies the interval chosen above. In films with high water content, n w = 11.96, the fitting of our data to Eq. (10) is excellent. The results for the SDS monolayer surface tension and the bending modulus are βγ 0 σ 2 = 1.5± 0.3 and βκ = 0.93 ± 0.2, respectively. The surface tension obtained from this approach is in very good agreement with the surface tension of the monolayer computed through the microscopic pressure tensor route, 1.46 ± 0.05. Note that these values would describe the macroscopic limit of a single SDS monolayer on a water surface, and they do not include any coupling effect between the two edges of the water slab. For lower water content n w = 8.6 (not shown), we find that the fluctuations of the two edges are still uncoupled, and the estimation for the surface tension is βγ 0 σ 2 = 1.3 ± 0.3 vs. 1.4 ± 0.1 obtained from the pressure tensor route, and the bending modulus is βκ = 1.1 ± 0.2. All these data are within the error bars given above for the thicker slab (n w = 11.96).
In the adhesive film, n w = 2 and area 31.5Å 2 , both monolayers are strongly correlated and they move as a single entity for qσ 1 (see Figure 10 ). Because |ξ a q | 2 = |ξ b q | 2 we can compute the fluctuations considering any of the monolayers. The adhesive film exhibits very slow dynamics, this may explain why the fluctuation spectrum becomes noticeably noisier at low q values. Our results suggest that significantly longer simulation times than those considered here, 50 ns, are required to improve the statistics at low q values. Using our data and the surface tension βγ σ 2 = 1.9 ± 0.05 obtained through the pressure tensor route, our best estimate for the bending modulus from equation (10) is βκ = 1.4 ± 0.3. Notice that these values for the adhesive film n w = 2 describe the macroscopic behavior of the film as a whole, unlike the values of γ and κ obtained with n w = 11.96 and 8.6, which correspond to a single SDS monolayer.
IV. CONCLUSIONS AND FINAL REMARKS
We have investigated the properties of sodium dodecyl sulfate Newton black films (SDS-NBFs) at T = 298 K, as a function of water content and at a fixed area per surfactant of 33 Å 2 , which is near the one reported in experimental studies of SDS-NBFs. The intrinsic density and orientational profiles of water were computed using an approach that removes the averaging effect of the thermal capillary waves. This technique relies on the definition of an intrinsic surface. Once this is defined it is possible to construct intrinsic profiles as well as to quantify the film fluctuation spectrum.
The intrinsic profiles clearly show the existence of a well defined water solvation layer that solvates the surfactant head group both in the aliphatic and aqueous regions. This result differs from the image inferred from models found in the literature, where the water molecules are located inside the film core only. Our results indicate that the solvation layer comprises about two water molecules per surfactant. This solvation structure is preserved in a wide range of film thicknesses, from an infinite thickness (surfactant monolayers) down to monolayer-monolayer separations of the order of 10 Å. For thinner films the water structure in the film core is strongly modified, whereas it remains unaltered in the aliphatic region, even for very low hydration levels, 2 water molecules per surfactant. Near complete dehydration, n w ≈ 1.5 the surfactant monolayers are in direct contact and the few water molecules remaining in the film are expelled to the aliphatic region, forming a double layer structure.
The intrinsic profiles provide a new view on how the water structure is perturbed inside the film. The intrinsic density profile features a characteristic oscillatory behavior reaching the bulk density in about 10 Å form the monolayer plane. This result defines a clear length scale for water correlations, which is missed in previous analysis based on mean profiles.
We have quantified the correlations between the film monolayers. The monolayer fluctuations in films with high water content, n w 8, are uncorrelated for the whole range of wave-vectors investigated in this work (q 0.6 Å −1 ), i.e., the monolayers move independently from each other. The fluctuation spectrum can be accurately modeled in terms of the surface tension and the bending modulus as described by Helfrich equation. The bending modulus of the film monolayers, κ ≈ k B T , agrees with previous computations of surfactant monolayers. The fluctuation spectrum of thinner films (≈ 2 water molecules per surfactant) is noisier at low wave vectors q. This makes difficult a direct quantification of the bending modulus through Helfrich equation. It may be possible that this behavior is connected to the formation of a glass. Further work is required to fully characterize this point.
We have shown the existence of adhesive behavior in the SDS black films. This is the most important result of this work. Although adhesion can be inferred from experiments of SDS stabilized emulsions, our work is to the best of our knowledge, the first computer simulation study reporting such behavior. Investigations of films of different sizes show that the adhesion behavior is reproducible. This result strongly suggests that the adhesive film corresponds to an equilibrium state for the slab geometry investigated here. We want to point out that the precise thickness of the equilibrium state will depend on the experimental conditions, the surfactant surface concentration being an important variable in this instance. For the system size and surfactant concentrations investigated in this work, we find that films with less than six water molecules per surfactant become unstable, and evolve over time to a structure containing the adhesive film and one water droplet. Large scale simulations of 2048 surfactants show that this process takes about 100 ns at 298 K, and can therefore be investigated in atomistic simulations within reasonable computational times. From the analysis of the simulations we find that the adhesive or equilibrium state of the Newton black film contains two water molecules per surfactant, the area per surfactant being 31.5 Å 2 , and the monolayers are essentially in contact. The overall film thickness is in good agreement with that inferred from neutron scattering experiments of oil-SDSwater emulsions and x-ray reflectivity experiments of SDSwater black films.
Finally, we would like to note that it is possible to rationalize the adhesive behavior using a thermodynamic model that describes the adhesion process as a transition to a partial wet state. A theoretical proof of this notion will be reported in a forthcoming publication.
